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Investigation of p-GaAsSb as a THz Emitter
S. Hargreaves,a L. J. Bignell,a R. A. Lewis,a,z D. Schoenherr,b M. Sağlam,b and
H. L. Hartnagelb,*
aInstitute for Superconducting and Electronic Materials, University of Wollongong, Wollongong, New South
Wales 2522, Australia
bInstitut fuer Hochfrequenztechnik, Technische Universitaet Darmstadt, 64283 Darmstadt, Germany
Our purpose was to determine if GaAsSb might be made to emit THz-frequency electromagnetic radiation. Our result is that, with
a suitable electric field imposed and under illumination by ultrashort pulses of near-infrared radiation, GaAsSb indeed emits THz
radiation. To the best of our knowledge this is the first report of high-temperature-grown GaAsSb acting as a THz source. THz
emission has been observed both by incoherent pneumatic Golay cell and by coherent time-domain spectroscopy using electro-
optic detection experimental configurations. Both simple Ag paint and photolithographically formed Au on Ti antenna structures
have been found to produce THz radiation. We compare our results with those from the better-known THz emitter, GaAs. In the
case of GaAs, THz radiation is emitted even in the absence of applied bias. This is not the case for GaAsSb. We conclude that the
photoconductive mechanism dominates in the emission of THz radiation from epitaxial single-crystal GaAsSb. A further proposal
is made that such materials can be used with nanostructured surfaces for special THz-emission characteristics.
© 2008 The Electrochemical Society. DOI: 10.1149/1.2961065 All rights reserved.
Manuscript received June 2, 2008. Published August 5, 2008; publisher error corrected September 5, 2008.
The field of terahertz THz = 1012 Hz science and technology is
rapidly developing. THz spectroscopy is being used to characterize
many materials, including packaging, explosives, and drugs. A re-
cent application has been to characterize single-wall nanotube thin-
film electrodes.1 In another approach, using a separate pump beam
to excite charge carriers in a material shortly before the THz analy-
sis is carried out, information about ultrafast carrier dynamics may
be obtained. A recent example of such time-resolved THz measure-
ment deals with poly3-hexylthiophene and methanofullerene
blended films.2
In spite of much study over recent years, the development of
THz emitters is far from complete. The materials most commonly
employed as THz emitters are semiconductors under a higher-
frequency laser excitation. Semiconductors such as ZnTe exhibit
strong optical nonlinearity and so may produce THz radiation by
optical rectification. Other semiconductors, such as InAs, emit THz
radiation through a surface-field SF effect. Furnished with suitable
electrode or antenna structures, others again generate THz radiation
by the photoconductive PC mechanism. Low-temperature LT-
grown GaAs is the best known of the PC emitters. Recent reports on
semiconductor THz emitters include the enhancement of emission
by conjugate polymer3-5 and stimulated THz emission from
acceptor-doped strained p-Ge and SiGe/Si quantum-well
structures.6,7 In this paper we investigate acceptor-doped GaAsSb as
a candidate THz emitter.
GaAsSb has been long known, and is still employed, as a suit-
able material for the realization of heterostructures and other quan-
tum devices.8,9 Technical developments continue to occur in such
areas as GaAsSb etching10 and the production of ohmic contacts on
p-GaAsSb.11 Regarding applications as a THz emitter, both LT-
grown GaAs0.6Sb0.4
12 and LT-grown GaAs0.81Sb0.19
13 have been
demonstrated to produce THz under suitable laser excitation. Alloy-
ing with Sb decreases the bandgap relative to GaAs and so permits
the use of longer-wavelength laser excitation than conventionally
employed with LT-GaAs THz emitters. We have recently investi-
gated the THz emission from Be-doped GaAs.14,15 In the present
work, we extend the investigation to Be-doped GaAsSb.
Experimental
GaAsSb layers were grown lattice-matched on semi-insulating
InP substrates by molecular-beam epitaxy. Ex situ X-ray diffraction
determined the Sb fraction to be 0.487, exactly the value estimated
from the GaAs and GaSb lattice constants to lattice match InP. By
linear interpolation from the GaAs and GaSb values, the bandgap is
estimated to be 1.06 eV. The layers were nominally 1 m thick. In
the sense that quantum confinement effects are not involved, they
may be referred to as “bulk.” A nominally undoped sample was
grown, as well as samples doped with the acceptor Be at concentra-
tions of nominally 2  1017, 1  1018, and 1  1019 cm−3, respec-
tively. After growth, the samples were annealed at 400°C in an H2
atmosphere for 10 min. Details of the layer thicknesses, as well as
the Hall mobilities and carrier concentrations at 77 and 300 K, are
set out in Table I.
The layers were characterized by optical-reflectance measure-
ments over the range 3–18 THz. These data were collected on a
Bomem DA3 rapid-scan spectrometer, which was evacuated to re-
duce absorption by atmospheric water vapor. The principal optical
elements were a silicon carbide globar source, a mylar beam split-
ter, and a deuterated triglycerine sulfide detector. Samples were ex-
amined in near-normal incidence geometry, and polished brass was
used as a reflectance reference. The spectral resolution was
0.012 THz.
To permit photoconductivity measurements, electrical connec-
tions were made to the samples. Two types of contacts were used.
Silver paint electrodes of approximately 0.1 mm gap were found to
be simple to fabricate and reasonably reproducible.16 Gold-on-
titanium bow-tie antennas were fabricated by standard UV photoli-
thography followed by lift-off.17 The Ti served as an adhesion layer
and was 10 nm thick; the Au top layer was 100 nm thick. Electrical
characterization utilized a Keithley 2400 SourceMeter.
To generate THz radiation using the samples as targets, the op-
tical excitation was provided by a 12-femtosecond mode-locked Ti-
:sapphire laser of center frequency 790 nm and repetition rate
75 MHz. The emitted THz radiation was detected either using a
pneumatic Golay cell incoherent detection or in a conventional
time-domain spectroscopy arrangement using electro-optic coher-
ent detection.
Results and Discussion
The reflectance data for all four samples is shown in overview in
Fig. 1. This figure also includes our data for reflectance from bulk
InP, the substrate material. The resonance associated with the
GaAsSb layer is clear for all samples, peaking in reflectance at about
7.5 THz. The prominent feature spanning approximately
9–10.5 THz is associated with the substrate, as may be seen from
comparison with the InP spectrum. The notch in the reststrahlen of
the InP substrate deepens with increasing GaAsSb-layer carrier con-
centration. The small “bump” seen in some spectra at approximately
7 THz corresponds closely to the phonon energy of GaSb, suggest-
ing that the alloy may exhibit a mixed-mode behavior. A thorough
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study of this material has been conducted by Lucovsky and Chen18
and shows the mixed-mode behavior more conclusively. To avoid
unnecessary complication in fitting the data, this GaSb-like feature
was not included as another oscillator in the model, but rather
GaAs1−xSbx with alloying parameter x = 0.48 was used. The data
was fitted with a matrix model of optical reflectance, as described
previously.19
Figure 2a gives the data for the nominally undoped sample, to-
gether with the model fit. Surprisingly, as this is the simplest sample,
it gave the poorest of the fits to the data out of the series. There
appears to be a mismatch of the layer reflection. This is most likely
caused by the GaSb-like resonance, which is the strongest in this
sample. The addition of a GaSb-like oscillator in the layer provided
a worse fit. Although the results for the layer were poor, the results
for the substrate were as expected. While the layer is nominally
undoped, the observation of a notch in the InP reststrahlen peak is an
unmistakable indicator of the presence of charge carriers. The layer
thickness from the fit was approximately twice the nominal value.
This was a trend that was observed among all the samples. Fitting
parameters are given in detail in Table II.
Figure 2b gives the data for the least-heavily intentionally doped
sample along with the model fit. The fitting parameters were all
generally in good agreement with the interpolated values of the pho-
non energy as well as the dielectric constants of the alloy. The
plasma frequency was predicted using the nominal value of the car-
rier concentration and a linearly interpolated value of the hole effec-
tive mass.20 The plasma frequency found from the model fit is in
good agreement with the Hall value Tables I and II.
The data with fits for the two remaining samples are given in Fig.
2c and d. The model generally accounts for the experimental data
well. In both cases the plasma frequency obtained by the fitting was
somewhat less than the value calculated on the basis of the Hall hole
concentration and the interpolated value of the effective mass. This
is not entirely unexpected, as the Hall data is essentially a dc mea-
surement, whereas the reflectance characterization is at optical fre-
quencies. The fitting parameters are again given in Table II.
Before attempting to detect THz emission, photoconductivity
measurements were made on the samples by measuring the electri-
cal characteristics under different levels of laser illumination. The
results of such an experiment are shown in Fig. 3. Here the current
flowing between the Ag paint electrodes is given as a function of
applied bias in the range 0–52 V for the nominally undoped
sample under illumination of i 90 and ii 240 mW of pump laser
radiation. It may be observed that the increase in excitation power
induces an increase of current at a given bias, i.e., photoconductiv-
ity, but that the effect is rather small. It is much smaller than effects
we have observed previously in GaAs.15
The doped samples were also tested for photoconductivity, but
none of them gave a measurable response. This was because they
were all highly conductive to begin with, at least an order of mag-
nitude more conductive than the nominally undoped sample. This
meant that only a significantly lower bias could be applied before
Joule heating led to thermal runaway. As well, it meant that the
application of the pump radiation had little room to increase the
sample conductivity.
The THz emitted was first sought in a straight-through transmis-
sion geometry using a Golay cell as the detector. In the case of
incoherent detection, such as with a Golay cell, there is the possi-
bility that a bolometric signal is received merely as a result of the
sample being heated by the pump beam, as distinct from a coherent
THz pulse being generated by the pump pulse. This possibility of
Table I. The GaAsSb samples employed in this study. The mobility, , and charge-carrier concentration, nv, as determined by Hall measure-
ments, are given at 300 and 77 K for the three intentionally doped samples.
A B C D
GaAsSb layer thickness nm 800 900 900 900
Hall measurements at 300 K
 cm2/V s 7564 4593 2401
nv cm−3 Undoped 2.04  1017 1.02  1018 9.24  1018
Hall measurements at 77 K
 cm2/V s 9288 5335 2643
nv cm−3 Undoped 1.94  1017 1.02  1018 9.59  1018
Figure 1. Color online Overview of reflectance spectra of GaAsSb samples
of different doping levels with Be acceptor. The spectrum for InP substrate







































































(d) Sample D Experimental data
Theoretical model
Figure 2. Color online Reflectance spectra of GaAsSb samples of different
doping levels with the Be acceptor together with the theoretical model;19 a
sample A, b sample B, c sample C, and d sample D.
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spurious signal was ruled out by making measurements first with no
laser illumination and secondly with maximum laser illumination
but under continuous-wave conditions as opposed to pulsed or
mode-locked operation. In both cases, no signal was detected above
the noise floor, regardless of the applied bias. We are thus confident
that the observed signal is due to coherent THz emission. Some
representative data are shown in Fig. 4. The amount of THz radia-
tion emitted increases with applied bias, as would be expected. The
rate of increase at first increases with bias, as is the case for GaAs,
where a quadratic dependence of radiated THz power on applied
bias is observed.15 Beyond about 25 V applied bias, however, the
rate of increase declines, tending toward a linear dependence of the
THz power on bias. The reason behind this saturation effect is not
known precisely but may be related to an increase in sample resis-
tance or a decrease in mobility due to heating. The THz power also
increases directly with optical excitation power, as might be ex-
pected Fig. 4 and as is the case for GaAs.15
The THz emission was next investigated using time-domain
spectroscopy. For both the Ag paint and the Au antenna structure,
representative time-domain spectra are shown in Fig. 5. The magni-
tudes of the detected THz electric fields are comparable in the two
data sets shown, but the Ag paint data is for a higher applied bias
12 V than the Au antenna data 5 V. In general, the Au antennas
produced a much stronger THz signal than the Ag-paint electrodes
for a given applied bias. With the available carrier density in the
semiconductor, evaporated metals Ti/Au give a better charge-
carrier transfer behavior than painted metals, where the native oxide
of the semiconductor surface is not broken down, and so charge
transfer is impeded. It is likely that such phenomena are responsible
for the observed behavior regarding the two types of metal contacts.
Figure 6 gives the frequency-domain power spectra resulting
from the Fourier transform of the time-domain spectra of Fig. 5. It
may be observed that the bandwidths of the two types of electrode
structures are similar.
Finally, all four samples were extensively tested as SF emitters in
a similar configuration as that used for the well-known SF emitter
p-InAs.21 The experimental method was to first use a p-InAs emitter
to give a THz spectrum, then immediately replace it with a GaAsSb
candidate emitter no signal above the noise was observed, then
finally swap the p-InAs material back in again a strong THz signal
was observed. Using this approach, we are confident that GaAsSb
gives, at most, very little THz signal as a SF emitter. This is in
contrast to GaAs, where we have observed a strong SF emission.
Table II. Fitting parameters of a two-layer matrix model to the
optical reflectance data of the GaAsSb samples employed in this
study. For further details of the model and the parameters, see
Ref. 19.
A B C D
GaAsSb layer
 0 11.6 14.6 14.4 14.1
  10.6 13.7 13.4 12.7
T THz 7.20 7.36 7.48 7.43
 THz 0.75 0.57 0.48 0.51
Plasma
p THz 3.66 7.62 10.29 6.33
 THz 0 5.16 11.82 7.77
Thickness
t m 1.54 1.60 1.38 1.39
InP substrate
 0 12.8 12.3 11.8 12.8
  9.9 9.4 9.2 10.0
T THz 9.15 9.08 9.12 9.13
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Figure 4. Color online THz signal from GaAsSb sample A as a function of






















Figure 5. Color online Time-domain spectra of GaAsSb sample A for Ag
and Au contacts.
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Conclusion
The emission of THz radiation has been demonstrated in un-
doped, high-temperature-grown GaAsSb to take place by a PC
mechanism. This material can therefore also be considered as a can-
didate for THz emission along with previously identified materials.
High-temperature epitaxial growth means that the semiconductor is
perfectly crystalline, in contrast to LT-grown materials, which are
likely to be less stable and with an expected limited device life.
Additionally, it is easier to produce nanometric structures on single-
crystal material, which might be an interesting approach for further
THz emission optimization.
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